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Abstract 

We show how to formulate the phenomenon of gaugino condensation in a 
super- Yang-Mills theory with a field-dependent gauge coupling described 
with a linear multiplet. We prove the duality equivalence of this approach 
with the more familiar formulation using a chiral superfield. In so doing, we 
resolve a longstanding puzzle as to how a linear-multiplet formulation can 
be consistent with the dynamical breaking of the Peccei-Quinn symmetry 
which is thought to occur once the gauginos condense. In our approach, the 
composite gauge degrees of freedom are described by a real vector super- 
field, V, rather than the chiral superfield that is obtained in the traditional 
dual formulation. Our dualization, when applied to the case of several con- 
densing gauge groups, provides strong evidence that this duality survives 
strong-coupling effects in string theory. 
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1 Introduction 



Dynamical supersymmetry breaking has been extensively studied at the non-pertur- 
bative level in N = 1 super- Yang-Mills theories with and without matter Q. It is, in 
particular, known that supersymmetry does not break in the theory without matter. 
An early analysis of this phenomenon in the pure super- Yang-Mills theory was given 
by Veneziano and Yankielowicz M, whose method has been since extended to various 
renormalizable models with charged matter[|. 

The treatment of (non renormalizable) models having a field-dependent gauge cou- 
pling is less straightforward. These models have the additional complication that the 
gauge coupling is induced by expectation values of scalar fields, which are themselves 
dynamically generated. This is notably the case for superstring theories, where the 
gauge coupling is determined by the expectation value of the dilaton field, whose po- 
tential arises dynamically by gaugino condensation in a hidden confining gauge sector 
B i) 0- The understanding of gaugino condensation and supersymmetry breaking 
in these theories turns on the description of the dilaton sector. 

The supersymmetric partners of the dilaton in the gravity sector of superstrings are 
an antisymmetric tensor b^ u , with gauge symmetry b^ v — > b^ + d^b^ and a Majorana 
spinor \. Since an antisymmetric tensor is by duality equivalent to a pseudoscalar a, 
there are two dual kinds of descriptions for the dilaton supermultiplet. Using the 
original variable, b^ u , leads to a linear superfield L [§], while the pseudoscalar, a, 
arises in a chiral superfield, S, in which o = Ims is the imaginary part of the lowest 
scalar component, s. The pseudoscalar that is obtained in this way enjoys a classical 
'Peccei-Quinn' (PQ) symmetry of the form 

S — > S + ia, a : a real constant, (1) 

which is dual to the gauge symmetry acting on the antisymmetric tensor. The trans- 
formation from one of these representations to the other is 'chiral-linear' duality. 

Past examinations of the problem of gaugino condensation with a field-dependent 
gauge coupling have followed ref. || and have used the chiral-superfield representation 
of the dilaton. The formulation of gaugino condensation using directly the linear mul- 
tiplet faces an apparent obstacle. The difficulty lies with performing the chiral-linear 
duality transformation starting with the chiral superfield, S. This duality transfor- 
mation requires as its starting point the existence of the classical symmetry ([!]), but 
this symmetry is apparently broken by anomalies in the strongly-coupled gauge sector. 
Such considerations have led some workers to entertain the possibility that the dual 
theories are inequivalent once nonperturbative effects are considered. 

In this article we readdress this problem in view of the recent progress in the 
understanding of the gauge sector of the effective supergravity of superstrings due to 
string loop calculations in (2,2) models 0, 10, [IT| . We show how to perform the 



condensation analysis directly in terms of the linear multiplet, and we demonstrate 
how chiral-linear duality survives gaugino condensation. We take as our vehicle for 
demonstration the cases where a gauge sector with a simple gauge group condenses, as 



See for instance refs. H and the review article fllfl 
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well as the more general situation where several commuting factors of the gauge group 
separately condense. 

We start our discussion with the simplest case of a globally supersymmetric model 
with a simple gauge group and without charged matter. We then extend our results 
to several gaugino condensates (non-simple gauge groups). In the string context, these 
could represent the hidden sector of a (2, 2) model. The introduction of additional 
gauge-singlet matter (moduli) and the generalization to supergravity are reasonably 
straightforward jTJ . 



It should be emphasized that we do not expect supersymmetry to break in this 
simple theory. The effective potential for gaugino condensates with a field-dependent 
gauge coupling described by a chiral multiplet and no further matter exhibits a 'run- 
away' behaviour, towards the zero-coupling limit. The fact that chiral-linear duality 
survives gaugino condensation implies that the same behaviour will be obtained using 
the linear multiplet as starting point. 



2 Duality 

We start with a discussion of duality for the underlying microscopic theory, well above 
the condensation scale. The two representations of the dilaton supermultiplet are a 
chiral superfield, S, and a linear superfield, L. S satisfies the chiral constraint V&S = 
and has as components a complex scalar, s, a spinor ip s and a complex auxiliary field, 
f s . The real linear superfield H, on the other hand, solves the constraints 

VVL = VVL = 0, 

and has as particle content a real scalar, C, an antisymmetric tensor, (which only 
appears through its curl = -^e flupcT d' / b pcr ), and a Majorana spinor \- The description 
of a field- dependent gauge coupling with a linear superfield requires the introduction 
of the Chern-Simons superfield Q, which can be defined by its relation with the chiral 
superfield of the Yang-Mills field strengths: 

Tr(W a W a ) = VVtt, Tr(WW d ) = VVQ. (2) 

Here, W a = — \VV(e~ A V a e A ) and A is the matrix-valued gauge vector superfieldP]. 
These conditions define Q up to the addition of a real linear superfield Ql- Contrary 
to Tr(W a W a ), the Chern-Simons superfield is not gauge invariant. Since its gauge 
transformation 8Q satisfies VVSQ = VV5Q = 0, 8Q is a real linear superfield and Ql 
is in some sense a gauge artefact. To construct invariant couplings, one postulates that 
the gauge transformation of the linear multiplet is 

5L = 25tt, 

so that the combination 

L = L - 2VL 

2 The normalization is Tv{A 2 ) = J^a^A". 
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is gauge invariant. The natural physical dimension of L and Q is (energy) 2 . 
A supersymmetric gauge-invariant lagrangian for L takes the form 

C L = 2/i 2 / d 2 6d 2 e^{L/fi 2 ), (3) 



where $ is an arbitrary real function and \x is a scale parameter. If, for instance, Cl is 
the low-energy Wilson effective lagrangian for a superstring, in the global supersym- 
metry limit, then the scale /i can be regarded as the ultra-violet cutoff which defines 
the Wilson lagrangian. 

The action of contains kinetic terms for the components of both superfields L 
and A. The gauge kinetic terms are 



x=Cti- 2 



which indicates that the gauge coupling constant is 

1 



(/2 2$,. (4) 



It follows that the gauge coupling is a function of the real scalar field C. 

We may now dualize this lagrangian to obtain its equivalent in terms of S. To do 
so, we rewrite (|3p in an equivalent form by introducing a real vector superfield V, and 
replacing (H) by 

c v+L = 2/i 2 J d 2 8d 2 e $ n^r~ J + (i / d2 ° S ^( V + 2fi ) + h - c -) > ( 5 ) 

where S is a chiral superfield. This new theory is invariant under the gauge transfor- 
mation 

V — ► V + A L , L — > L — A L , (6) 



where is an arbitrary linear superfield, WA L = WA L = 0. To verify the 
equivalence with (Rl), observe that the elimination of S imposes the constraint 



VV(V + 2fi) = VV(V + 20) = 0, 

which in turn indicates that V + 2Q — Vl, a linear multiplet. Gauge invariance (§) 
allows then the choice Vl = 0, which leads again to theory ([|). The gauge invariance @ 
is a useful tool for the identification of the composite degrees of freedom participating 
in the effective lagrangian. 

To dualize, we instead start by removing V and L in favour of S + S. Using 

~[d 2 0SVVV + h.c. = ^Jd 2 9SVV(V + L) +h.c. = -Jd 2 9d 2 9(S + S)(V + L), 

to rewrite (|5|), we may in principle perform the integration over V + L. Classically, this 
involves solving the equation of motion for the vector superfield V + L in theory ([5]), 
which is 

S + S. (7) 



■Q(X) 
dX V ; 



. V+L 
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V + L is thereby given implicitly as a function of S + S: X(S + S) = (V + V)j fi 2 . The 
dual theory is then 

dual = V 2 J d 2 9d 2 6K{S + S) + l -f K J d 2 6STr(W a W a ) + h.c.) , (8) 

with K(S + S) the result of integrating over V + L. Classically: 

K(S + S)= [2$(X) - (S + S)x] x=x{s+ _ . (9) 

Notice that the lowest component of (0) gives the equality of the two dual expressions 
for the field-dependent gauge coupling: 

^- = 2Res = 2$ x .. (10) 



3 Effective Actions 

We now turn to a study of gaugino condensation in theory (^). To proceed, we firstly 
consider the more familiar case of the chiral theory. With chiral multiplets only, a 
field-dependent gauge coupling can always be introduced with the lagrangian 

C = C s + yd 2 9STi(W a W a ) + l -Jd 2 eSTr{W & W h ), (11) 

The kinetic terms of S are contained in £5 as well as possible contributions from other 
chiral multiplets (moduli). Since by assumption the theory does not contain charged 
matter, C s will not depend on A. 

For a non-abelian gauge group, asymptotic freedom of theory ([TT|) leads to a con- 
fining regime at a scale where condensates appear. To study the formation of conden- 



sates of gaugino bilinears, we follow ref. |13[ and compute the generating functional 



T of two-particle-irreducible (2PI) Green's functions^. In the present instance, this is 
accomplished by coupling an external chiral superfield of currents, J, to Tr(W a W a ), 
which includes gaugino bilinears in its lowest component, as follows: 

exp {iW[J, S}) = J VAexp jz J d 4 x J d 2 6 + j\ Ti{W a W a ) + h.c. 

We then Legendre transform from the variable J to the variable U, resulting in the 
2PI effective action 

T[U, S] = W[J, S] - J d 4 x J d 2 6U J + h.c. , 

where the chiral superfield U is given by 

5W 

U= — = (Tr(W a W a )). (12) 
oJ 



3 This is similar, but not identical to the approach of ref. 



4 



Notice that U is not an arbitrary chiral superfield. It follows from relations (0) that 
a real superfield V exists such that U = —\VVV. Clearly V is defined up to the 
addition of a linear superfield. Integrating over the gauge superfield A leads to the 
effective lagrangian for the composite field U and the chiral field-dependent gauge 
coupling S. One obtains 



T[U,S] = Jd 4 xC v , 

Cjj = J d 2 9d 2 9 Ku{U,U) + J d 2 6wu{U, S)+ J d 2 9wu{U,S), 



(13) 



with a superpotential given by 



•^>-^4M£)-4M^). (14) 

In these expressions, A is the coefficient of the one- loop gauge beta-function, C(G) the 
quadratic Casimir of the gauge group G and M is a cutoff scale. 

The result ( |T4] ) was first obtained by Veneziano and Yankielowicz 0, without a 



field-dependent gauge coupling (i.e. S = constant), and by Taylor fl4j , with the 
chiral superfield S. Although nothing which follows depends on the form taken for 
the Kahler potential Ky, we assume here for concreteness the expression obtained in 
ref. ||: Ky = h(UUy' 3 , with h a dimensionless constant. 



It is important to recognize |T2[ that U here is a purely classical field that was 
obtained by Legendre transforming the externally-applied current, J. It is determined 
in terms of S by extremizing F with respect to variations of U. Once this is done, 
we can add the result Cu{S,U(S)) to Cs — the ^.-independent part of the original 
lagrangian fllTl) — and so obtain an effective lagrangian 

£chiral = £-S + £-U, (15) 

which governs the low-energy dynamics of the integration over S. 

We now repeat this process using the formulation of the dilaton with a linear mul- 
tiplet. As point of departure we take expression (|5|), but this time using the gauge 
L = [or A L = L in ©]. With relations @, la grangian (pD becomes 

£ v = 2fi 2 Jd 2 9d 2 9$(V/fj 2 ) + J d 2 9 S ^Tr (W a W a ) + ^VVV} + h.c)j . (16) 

What is interesting in this last form is that the dependence on the gauge superfield A 
is entirely in the term linear in S. And this term is identical to gauge kinetic terms 
in the usual formulation ([□]) of the super- Yang-Mills theory, with a field-dependent 
gauge coupling specified by a chiral superfield. The calculation leading to the effective 
lagrangian is then identical to the chiral case described above. Borrowing the result, 
one obtains 

Cunear = f d 2 9d 2 9 {2^(V/ fl 2 ) + h(UU)^} 

(17) 



+ U d 2 9 {\S{U + \VVV) + ^C/log 



+ h.c. 
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Recall that the superfield S has been introduced as a Lagrange multiplier in the original 
theory fllTf). It plays the same role in the effective lagrangian: integrating over S leads 
to 



U = -~VT>V, (18) 

and the final form of the effective lagrangian for the linear multiplet theory ([3D is 

.4 



£>l.i 



linear 



d 2 6d 2 6 {2^(V/fi 2 ) + h(UU) 1/3 } + [Jd 2 9 —U log (U/M 3 ) + h.c. 

with U as in eq. (0). We have then obtained an effective theory where the degrees 
of freedom of the short distance theory, described by a linear multiplet with compo- 
nents (C, x, b^ u ) and a gauge superfield (A a , a" D a ) (in Wess-Zumino gauge) have been 
replaced by the components of a complete real vector superfield V (eight bosons and 
eight fermions). 

Having now obtained explicit expressions for the effective (2PI) actions for the 
low-energy limit of the dual formulations of the underlying microscopic theory, it is 
instructive to display the equivalence under duality at the level of the effective theories, 
jC-unear of eq. flT9|) and C chira i of eqs. fll3|), ([14]) and (|15]), which combine to give: 

C chiral = f d 2 6d 2 9 [fi 2 K(S + S) + h(UU)V 3 } 

(20) 

+ (J d 2 6 [\SU + £U\og(U/M 3 )} + h.c.) . 

To obtain Cu near from C c hirah one uses the fact that the composite superfield U can be 
obtained from a real vector superfield V by U = —^VDV. Then write 



fi 2 J d 2 6d 2 6 K + \U d 2 6 SU + h.c.) = J d 2 6d 2 6 [fi 2 K + {S + S)V 

= J d 2 9d 2 9 [2/i 2 $(X) + (S + S) (V - n 2 X) 



(21) 



The last equality uses the microscopic duality result to express K as a function of X. 
Integration over S then imposes the constraint X = Vfi~ 2 , leading to 

H 2 Jd 2 6d 2 6K + ^Jd 2 6SU + h.c}j =2fi 2 Jd 2 ed 2 e^(V/ / j 2 ) J (22) 

which completes the proof of the equivalence of theories (|T9|) and (p0| ) . 

We remark that the shift symmetry ([I]) has a macroscopic counterpart in the effec- 
tive lagrangian (^) because of the constraint (|T8| ) which is satisfied by the composite 
chiral superfield U. Imposing that transformation ([[]) generates an anomaly leads to 
the condition 



a(^Jd 2 6U - Jd 2 6U^j = 2a Im/ U = a total derivative (<9%) (23) 



(a is a real constant), which in turn implies U = —\VDV. The right-hand-side of 
eq. (23) is the macroscopic version of the anomaly. This indicates that symmetry ([!]) 
is broken by non-perturbative effects. 
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4 Component Expressions 



The physical content of these manipulations becomes clearer once the above expressions 
are expanded in terms of the components of the various superfields, as we do in this 
section. 



The effective lagrangian (|17) for the linear multiplet theory describes eight bosonic 
and eight fermionic degrees of freedom. The vector superfield V replaces the combi- 
nation L — 2Q, which appears in the microscopic theory (|3|). It is to be functionally 
integrated in the low-energy theory, subject to the constraint, U = —jWV, which 
fixes four bosonic and four fermionic components in terms of the components of the 
chiral field U = (Tr(W a W a )) . Those degrees of freedom in V which are not included 
in U represent the gauge invariant completion of the degrees of freedom of the original 
linear superfield L. Indeed, the invariance (|B|) applied to the lagrangian (^) indicates 
that L can be absorbed in y. To study the component expansion of the effective 
theory, it is therefore convenient to use an expansion of V which makes this gauge 
transformation (|6|) transparent. If the expansion of the superfield parameter is 

a l = c l + ie VL - %e^ L - e^e{y L )^ + ^eeeo^L^ + heea^d^ L + UeWu CL , (24) 

with 

(v L ), = -Le^b?, [or d»(v L ), = 0], 



it is natural to use for V the expansion 

V = c + i6<p - i!hp~ - \66m - \~66m - Qo^Qv^ 

+\eee(K + + \Wo(k + a»d^) + eeW(d + \n c ). 



(25) 



With this choice, the tranformation @ shifts c and ip, while leaving m, A and d 



invariant, Its action on is 



Vfi — > Vf, + —7=e flvpa d v bL r , 



1 

^2 

which is the gauge transformation of the three-index antisymmetric tensor 



v, = ^e^h"". (26) 

The real superfield V with gauge invariance (^|) is then the supersymmetric description 
of the three- index tensor [15[], while the invariant chiral superfield U = —\T>T>V is the 



supersymmetrization of its gauge-invariant curl. Using the expansion 

u = u- ida^dd^u - \eeeeuu + V26?p u + -^ddid^^d) - eef u , 

4 \J2 

its components are given by 

u = -m ■ V2^j u = A ; f u = -2d + zd% = -2d + (27) 
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where the curl 



describes a single degree of freedom. The last equation (|27|) contains an important 
piece of information: writing a chiral superfield in the form U = —\T>T>V implies that 
Im f u = ■^e flup(7 H^ upa . For all other components, ( p~8|) is a simple change of variables, 
from (m, A, d) to (it, ip u , Re f u ). In other words, if a chiral superfield U is such that the 
imaginary part of its /„ component is a total derivative <9 M t> M , then there exists a vector 
superfield V, defined up to the addition of a linear superfield, such that U = —\WV. 

Since the fields c, <p and the transverse part v p of the vector form the components 
of a linear multiplet [see eq. fl24|)1, they do not appear in (J2?D. The components of V 
which appear in eq. (|27|) can be expressed in terms of the underlying composite degrees 
of freedom, following flT2|). That is, £/ = (Tr(W°W Q )) implies 



m = (Tr(AA)), 

A = (-2zTr(A J D)+Tr(F^(7^A)), 

d = (^(-iF^ + fAa^A-f^A^A + lD 2 )), 

d% = (Tr(|e^ CT F^F^-a M [A^A])). 



(28) 



We see that the gaugino condensate is described either by the complex scalar m - 
which is the 66 component of V — or the lowest component u of U . Notice also that 
the quantity d^v^ (which is constrained to equal the imaginary part of f u ) corresponds 



as it should to the anomalous divergence of the supersymmetry chiral current [16 . 

The (gauge-invariant) low-energy states c, ip and v^, on the other hand, correspond 
to the physical degrees of freedom C, x an d b pi/ of the linear multiplet present at 
the microscopic level, supplemented by the gauge-variant part of the Chern-Simons 
superfield. For instance, computing the Chern-Simons superfield in the Wess-Zumino 
gauge, the correspondence would be 

c < — > C, 

V < — > X + iTr^Atv), (29) 

p, i ► -j^-nvpoi 



r„ -4e u ^(^6^ + V2o;^)-Tr(A^A) 



where the normalization of the bosonic Chern-Simons form is e^ vpa Tr(F Mi/ F po ") = 
^pv P ad^oJ vpa ' . Notice that the expression for the longitudinal part of t> M is compat- 
ible with the last equation (p8|). In contrast with the components of U, the fields c, ip 
and should be regarded as the quantum fields of the effective theory far below the 
condensation scale. 

The component expansion of the effective lagrangian ( |19|) is now easily obtained, 
using eqs. (|25| ) and (f27p. It is as usual the sum of bosonic contributions and terms 



quadratic or quartic in fermions: 

^linear £bos. £quad. ^quart. • 
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Using the notation 



dx 



J X=Cfl 



d 2 $(x) 
dx 2 



J X=Cfl 



the bosonic contributions which determine the vacuum structure of the theory are: 

Cbos. = \^~ 2 ^xx [mm + t>% - (<V) (Wc)] + 2$^ 

+|(mm)- 2 / 3 [(d fl M)(d>*m) + Ad 2 + (d n v^) 2 ] (30) 



+ 2 + log( 



M 6 ^ 



+ 4i(^„)log(2). 



Since a gaugino condensate (Tr(AA)) is described by the expectation value of m, its 
phase only appears in the coupling ^i(d^v^) log(m/m) which arises in the effective 
theory as a consequence of the anomaly of R-symmetry [see refs. @, |16| and the last 
equation (|28)]. The terms quadratic in fermion fields are: 

C quad , = -f/i- 2 $ x:E (^^)+^(™)" 2/3 (A7 At ^A) 
-\n~ A <$> xxx [mTp R ip L + rrup L ip R - v»{Tp"f^(p)\ 
-f/i" 2 ^ [Tp R A L - Tp L A R ] + z4(mm)- 2 / 3 (A 7 ^ 75 A)^(log ~ 
- 2 / 3 d 



~{mm) 



mr 1 A R A L + mr 1 A L A R 



(31) 



-i-^-imm) 2 ^(d^v li ) m 1 A R A L — m 1 A L A R 



A 

'54' 



+^m" 1 A R A L + ^mr 1 A L A R . 
Finally, the quartic fermionic terms are simply 



1 



£quart. = ~H $ xxxx(<P R<P l) (PlPr) ~ 



19h 
324 ( 



mm 



1-5/3 



(ArA l )(A l A r ). (32) 



We may now use this lagrangian to determine the theory's vacuum structure. The 
first step is to eliminate the constrained field, d, using its equation of motion. Since d 
is auxiliary its equation may be solved algebraically, with solution 



d 



9 



— (mm) 2/3 {2<& x + - 



8h 



A 



6 



2 + bg I + 24~ K lA * Ai + ™^ A 4 • (33) 



Using this to eliminate d in the lagrangian gives the following scalar potential for the 
fields c and 

Ah 



1 



linear 



9 



mm 



fn) 2/3 d 2 fi 2 $ xx mm 



9 

16h' 



(mm) 2/3 \ 2$ T + — 



6 



log 



/ mm\ 



X 2 1 -2* - 

I - -ji ® xx mm. 



(34) 



4 The potential depends on c via x = cfi 2 and $ = <£>(a:). 
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Since the quantities h(mm)~ 2 / 3 and — $ xx appear in the kinetic terms for m and 
c respectively [see (p0|)1, these quantities must be positive. The scalar potential is 
therefore the sum of two non-negative terms, and so is minimized when they both 
vanish. We are therefore led to the conditions d — m — 0, leaving only the expectation 
value of the lowest component, c, undetermined (so far). The condition d = implies 



mm 



M 6 e -2 {e ~32^ x /C(G)y (35) 



Since the gauge coupling constant in the microscopic theory is g 2 = 2(<3> x ), which is 
a function of the free quantity (c)/fi~ 2 , we see that (|35|) has the usual form 



M 3 e -l e -87rV 2 /C(G)_ 



_. _.„2, 



Equation (^) exhibits the familiar 'runaway' behaviour of the theory with a field- 
dependent gauge coupling and no matter. That is, the minimization condition m = 
now implies that (c) prefers to take values for which the gauge coupling vanishes, for 
which condensates do not form and supersymmetry does not break. 

It is natural to identify the scale /i which appears in the microscopic lagangian (|3p 
with the ultra-violet cutoff, M, of the macroscopic theory. In this case, the Wilson 
gauge coupling, 2§ x , is the Wilson gauge coupling defined at scale M, and condensates 
should form at the renormalization-group invariant scale M cona <. ~ Mexp[— l/Ag 2 (M)]. 

To further sharpen the previous discussion concerning the duality between the two 
descriptions of the gaugino condensation, we now compare the above discussion with 
the equivalent analysis using the chiral superfield S. For the chiral theory defined by 
eq. fl2"0D , the scalar potential (after eliminating the auxiliary fields f u and f s ) is 



Ah 



2 . (36) 



where s and u are the lowest complex scalar components of the chiral superfields S and 
U. Since K S g = -£^=K(s + s) is the kinetic metric for s, this potential is once more the 
sum of two non-negative terms, and so is minimized by f u = f s = 0. 

These conditions can be compared to those obtained using the linear multiplet by 
using the duality relations (0) and @, which imply 

Kss — — — [^xx\x=x(s+s) ■ 

Since uu = mm, the second term in V c hi ra i is clearly identical to the second term in 
Viinear- I n contrast with the similar term in eq. (|3^), the first contribution in V c hi ra i is 
proportional to the square of the absolute value of a complex quantity. Cancelling the 
first term in V c h ira i requires 



u 



M 3 e _ 1(e - 16 .VC(G) ); (37) 
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an equation relating the complex quantities u and s. Its absolute value is identical to 
(j35|) since \u\ = |m| and Res = & x according to eq. (|7|). But the argument of eq. 



(s — s) — — log(m/m) = 0, (38) 
6 

which relates the phase of the gaugino condensate m to (Ims), does not exist in the 
case of the linear multiplet. 

To make the comparison explicit, separate Re f u and Im/ U in V c hi ra i, and write 

9 , f A r , .rrifn.A 2 1 _~ 

V ch irai = (mm) i/d js + s + -[2 + log(— )]j --// '$ ra mm 

9 A — 2 

-T^r( mm ) 2/3 \ s - —log(—)\ . 
16h I 6 m J 

Since eq. (0) allows us to rewrite the potential fl3"4D as 

linear = Y^( m ^) 2/3 { S + ^ + + lQ g(^)]} " ^"^"Wl, (40) 



ft, 

V ch irai = V Unear + -(mm) _2/3 (Im/ tt ) 2 . (41) 

y 



one obtains 



The two potentials (p9|) and pOf ) differ by the last term in eq. (|39|), which leads to the 
supplementary vacuum equation fl38|) . Since we have explicitly proven the equivalence 
of the two dual theories, see (p2|), the information contained in both theories must 
however be the same. 

To understand the meaning of the vacuum equation (|38|), which is equivalent to 
Im/ U = 0, it is useful to recall two facts about the chiral effective lagrangian fl20"|) . 
Firstly, the superpotential ( |I4T ) is invariant under an R-symmetry rotation of the com- 
posite superfield U, which rotates the gaugino condensate by a phase /3, combined 
with the shift S — ► S — jrif3, which only acts on Ims. This invariance is apparent 
in eq. (|38|). Secondly, apart from the last term in potential (p9|), C c hirai on ly depends 
on quantities which are invariant under a phase rotation of m or a shift of Im s, like 
(mm), <9 M log(m/m), s + s or d^(Ims). The effective theory C c hirai is then completely 
insensitive to the choice of the phase of (m) : it is the role of Im s to cancel any anoma- 
lous dependence on the phase of the gaugino condensate. The minimum equation ( pB]) 
ensures, then, that there exists a vacuum for all choices of the phase of the gaugino 
condensate, and that the physics of the effective theory does not depend on this phase. 
In the dual effective lagrangian Cu near , this information is hidden in the use of the 
real vector superfield V for describing the condensate. As a consequence, all terms in 
£-Hnear are explicitly invariant under a phase rotation of m, and the potential ( p4[ ) only 
depends on mm. 

It appears then that the PQ symmetry ([!]) is not broken by the potential for Ims. 
This is no surprise, since this symmetry is actually used to construct the U dependence 
of the original 2PI action (pT3|). The same is not true in more general cases, such as for 
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several condensates which we consider next, where our duality construction nevertheless 
applies equally well, even though the symmetry (Jl]) can be brokenF]. 

It is instructive to see how the usual conclusions concerning supersymmetry break- 
ing in this scenario emerge in the linear-multiplet formulation. As is well known, unlike 
the case for constant gauge couplings 0, a nonvanishing value of the gaugino conden- 
sate necessarily breaks supersymmetry. We see this in the linear multiplet approach 
because the gaugino condensate is represented by the field m, which is not the first 
component of a superfield. As a result any nonvanishing value for m must necessarily 
break supersymmetry. The same is not so in the chiral representation, where the con- 
densate is the lowest component of a supermultiplet. In the chiral case, supersymmetry 
breaking by gaugino condensation instead emerges because a nonzero condensate gen- 
erates a scalar potential for s which would not be minimized at zero energy. (This is 



reminiscent of the discussion in flO| , |TT| where a similar conclusion was reached in a 
toy model.) Notice, however, that a nonvanishing condensate is not obtained in either 
theory because of the runaway behaviour of both potentials, which drives the gaugino 
condensate to zero. 



5 Several condensates 

The extension of our results to a semi-simple gauge groupf] and with one linear multiplet 
is simple and interesting. The microscopic lagrangian is again (|), but with 

L = L — 2 c a Q a , 

a 

the index a labelling the simple group factors. The positive constants c a specify the nor- 
malization of the unified (Wilson) couplings, g~ 2 = 2c a $ x .. The equivalent lagrangian 
£y, as in eq. (|IED, is 

C v = 2fx 2 J d 2 6d 2 e<S>(V/fi 2 ) + (y d 2 eS^c a Tr a (W:W aa ) + \VVV^ + h.c.J . 

And the effective lagrangian ( 17) becomes 

Ceff. = Jd 2 6d 2 e {2^{V/^ 2 )+Y J aha{U a U a ) 1 ^} 

'Jd^ {\S{Y.aCaU a + \VVV) + i £a A a U a log (U a /M 3 ) } + h.C 



+ 



(42) 



5 A recent attempt to describe gaugino condensation with a linear multiplet fll7f only applied to the 
simplest case of one gaugino condensate. This corresponds to an effective theory for S with a simple 
exponential superpotential. The possibility of an overall exponential superpotential compatible with 
symmetry (|l|) was already pointed out in refs. |l8|, [l9| 0. We are also aware that P. Binetruy, 
M.K. Gaillard and T. Taylor are making progress along a similar direction. 

6 Abelian factors are not aymptotically-free. 
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The S'-dependent term generates as before the anomaly of the PQ symmetry. Integra- 
tion over S imposes the constraint 



^c a U a 



—vvv, 

2 



(43) 



which generalizes eq. ( JT~S| ) and corresponds to —jWL = J2a c a^ a {W"W aa ), which is 
valid in the microscopic theory. 

Before proceeding to analyze the vacuum structure of this model, recall first the 
results for the chiral version of the theory. The chiral version is obtained by dualizing 
the above results, giving 



chiral 



d 2 6d 2 9 



v 2 k(s + s) + Ea h a {u a u a y^ + {s + s)v 

+ (& Ea A a J d 2 U a log (U a /M 3 ) + h.c. 



(44) 



where the vector superfield V is related to the chiral U a by the constraint (f43|). The 
anomaly of the PQ symmetry (|1|) has been transformed into the invariant term (S , +S')l / 
by a partial integration. 

The scalar potential for the chiral version of the theory, (fyj), taking (|43| ) into 
account, is 

V = fl 2 K s ,f s J s + W h a( U a^ar 2/3 fa7a 
y a 



9 



C a S + 



6 



+ 2K ss 1 E C a U a ) (J2 CbU b ) 

4 a b 



(45) 

where u a and f a are the lowest and highest components of U a . This potential is the 
sum of non-negative terms, and so is minimized when each vanishes. The condition for 
the vanishing of each f a is 



u. 



a = M 3 e~ 1 e~ 6CaS ^ Aa = M^e- 1 **'/^, 



(46) 



where we recall that the gauge coupling is g~ 2 = 2 Re s, as in eq. ( |T0|) . This establishes 
the size of each condensate as a function of the scalar field s. The other condition for 
minimizing the potential is the vanishing of the auxiliary field f s , which gives: 



C a U a = 0; 



(47) 



Notice that this sum can be zero without requiring each of the condensates, u a , to 
separately vanish, because Ims — which controls the phases of the u a 's through ( ^6|) 
- can adjust to permit their cancellation. But given our experience with the linear 
multiplet, for which no analogue of Ims exists in the scalar potential, it would appear 
to be problematic to similarly ensure the cancellation of the u a 's. As we shall see 
shortly, however, a careful analysis reveals similar conditions for the linear multiplet. 
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In order to perform the analysis for the linear multiplet, we have to use two of the 
components of constraint (|43|): 



Un 



-m, 



and 



(48) 



Unlike the single condensate case, we cannot use these relations to eliminate all the 
auxiliary fields f a as functions of d and d^v^. Instead, we can use them to eliminate m 
and d in terms of u a and R a = Re f a and reintroduce the Lagrange multiplier Im s (the 
axion) to impose the restriction on I a = Im f a . With this information we can write the 
bosonic part of the lagrangian ([42]) as: 

Cbos. = \^~ 2 §xx [|Ea C a U a \ 2 + U% - (fyc) (d^c)] + Ea ^a(^U a ) (^M fl ) - <$>x Ea C a R a 
+ Ea K a (Rl + ID - 2 Ea (R a T a + JaAa) + Im S (Ea C a I a ~ dpV») 

(49) 

Where we have set K a = ^ (u a u a ) 2//3 and we had decomposed the derivatives of the 
superpotential W = Ea A a U a log (U a /M 3 ) in their real and imaginary parts: VF a = 
T a + iA a . We can now solve for the auxiliary fields i? a ,/ a ,Ims leading to a scalar 
potential)]: 



V, 



linear 



with Q = (Ed c d-^d 1 )' an d to the following derivative couplings for the field. 



" \^xx lEaCa^al 2 + Ea (?a + |^ 



+Q~ 2 Ea \Eb K^Cb (c b A a - C a A b ) 



■c, 



(50) 



C 



der. 



Q- 1 



(51) 



Since the potential is the sum of three positive terms, its minimum corresponds to the 
points where each of the three terms vanishes. This solutions is of course supersym- 
metric. Vanishing of the second term fixes the magnitude of u a , vanishing of the third 
term implies A a = £c a with £ arbitrary, this implies: 



(52) 



Finally vanishing of the first term in ( |50"D fixes $ x and £, reproducing the situation of 
the chiral case in (47). 

Therefore we have seen that the structure of the scalar potential is identical in the 
two dual theories, in the sense that they both give the same vacuum with nonvanishing 
gaugino condensates and unbroken supersymmetry as long as E a c aU a = 0. For the lin- 
ear multiplet case this conclusion follows quite naturally, since it is only this particular 
susy-breaking combination that corresponds to the 99 component of a superfield. This 
precisely corresponds to the situation in the dual chiral version for which the potential 

7 Had we solved for the field v 11 instead of Im s we would have recovered the potential for Im s which 
is the axion field in the chiral version. 
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can develop a minimum at J2a c aU a = without breaking supersymmetry |21|. This 
is true even though in the linear version there is no axion field developing a potential 
and therefore a mass, as it happens in the chiral case. 

Also one can easily see from (|45|) that, as anticipated, the PQ symmetry ([!]) is 
not conserved in the presence of several condensates. In fact the first term in ( pE5] ) is 
invariant under (|l|) if we make the shifts u a — > u a exp{— i(l67r 2 a/C(G a ))}. However 
since the shifts are G a -dependent, the second term in fl45|) is not invariant under the 
shift ([!]). This explains why the potential develops a mass term for the axion field. It 
is remarkable, then, that the theory in this case nevertheless has a dual version. 

It is instructive to ask how this propagating massive degree of freedom looks in the 
dual theory. This is particularly so considering that the usual mechanism for giving 
mass to an antisymmetric tensor gauge field — the Higgs mechanism whereby it and 
an ordinary spin-one gauge field combine into a massive spin-one particle — is not 
available in the present case. Inspection of the previous formulae shows that this 
degree of freedom is described by the vector field v^, in the linear-multiplet version, 
and that it describes a massive spinless particle in a somewhat unusual way. 

These conclusions follow from the lagrangian for v M , which is 



C 



1 



(53) 



with the coefficients of each term now taken to be the value of the corresponding func- 
tion in the vacuum. Clearly, this lagrangian describes a propagating massive scalar 
degree of freedom given by the longitudinal part of v M (the transverse spin one com- 
ponents do not propagate) corresponding to the axion. The only component of this 
field whose time derivatives appear in £ v n is v°, so the other three components can be 
considered to be auxiliary fields. The propagator for v M which follows from C v n can 



be computed, and is (taking, for simplicity, 



2$ 



h ti h v 



A similar 



J ilV Q +k 2 ■ 

propagator for the massive axion has also recently been used by R. Kallosh et al in 
their discussion of the axion mass (m 2 = Q). We have, therefore, a lagrangian descrip- 
tion of a massive axion in terms of a vector field or, equivalently, a massive 3-index 
antisymmetric tensor field. 

Supersymmetrically, the vector superfield V which (off-shell) had eight bosonic 
degrees of freedom, has only two bosonic degrees of freedom on-shell, corresponding to 
the massive scalar fields c and the longitudinal component of v^. The three transverse 
components of v 11 as well as m, m and d do not propagate. We are led to a formulation 
for which, after gaugino condensation, the original b^ v field of the linear multiplet is 
projected out of the spectrum in favour of a massive scalar field inside v^. This solves 
the puzzle of the axion mass, and gives a novel mechanism for to acquire a mass. 



6 Conclusions 

We have shown that, contrary to previous belief, it is possible to formulate gaugino 
condensation directly in the linear multiplet formalism. This permits the analysis to 
be performed using the multiplet in which string theory presents the dilaton. It is our 
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hope that the existence of this alternative point of view may lead to new insights into 
the physics of dynamical supersymmetry breaking in string-like theories. 

A possible advantage of using the linear multiplet in string theory is that it is 
the function *&(L) which is directly obtained from perturbative string calculations. 
Working directly with obviates the necessity for eliminating V as a function of 

S + S, as is required to determine the lagrangian in its chiral form. As may be seen 
from equation (0), this can usually not be done exactly. 

We show the result which we obtain to be dual to the standard chiral approach, even 
though the PQ symmetry on which this duality is based in the microscopic theory is 
broken, in general, in the low energy lagrangian. We find in so doing a novel mechanism 
for giving a mass to an antisymmetric tensor gauge field. As a result, we give the first 
good evidence that chiral-linear duality is an exact symmetry of string theories, which 
survives strong coupling effects. 
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